A type I restriction endonuclease from a new isolate of Escherichia coli (E. coli E166) has been purified and characterised. The enzyme, EcoD, has a recognition sequence similar in overall structure to the previously determined type I enzyme sequences, an exception being that it is degenerate. The sequence is 5
INTRODUCTION
Type I restriction enzymes are complicated, multifunctional proteins with a complex mechanism of action (1, 2) . The enzymes interact with specific DNA sequences to methylate them or, under different reaction conditions, they are stimulated by the interaction to cleave the DNA randomly at distances that can be several thousand base pairs (bp) from the interaction site (3).
The type I restriction enzymes EcoK and EcoB from the E. coli strains K12 and B are by far the best studied examples (reviewed in refs. 1 and 2); however, type I restriction modification (R-M) systems have been discovered in several other strains of E. coli and species of Salmonella. All of the enzymes contain three subunits coded by three genes organised into two transcriptional units. The genes are called hsdR, hsdM and hsdS coding for the restriction, modification and sequence recogni-tion subunits of the enzyme (4-6) .
There is strong evidence that most of the type I R-M systems found in different bacteria are genetically related to each other (reviewed in 1). Further, DNA hybridisation experiments using probes derived from the E. coli K12 hsd region have suggested a close similarity between the hsdR and hsdM genes of E. coli K12 and those of several other systems, confirming their allelic nature. Interestingly enough, these experiments showed that there was no such strong homology between the different hsdS genes (7).
A new type I R-M system, EcoD, from a clinical isolate of E. coli, was described recently and shown to be allelic to the other enzymes from E. coli (7) . More recently, the hsdS gene sequence of this system has been determined and compared to that of the EcoK and EcoB hsdS genes (8) . These sequences are between 1,300 and 1,4 50 bp long and are homologous in only two short regions, one about 100 and the other 250 bp long; these short stretches are highly conserved in all three genes, no homologies can be found in the rest of the sequences. Thus these related restriction systems, though very similar with respect to their hsdM and hsdR genes, have divergent hsdS gene sequences, enabling them to recognise different DNA sequences.
We have purified the EcoD enzyme and report here the experiments that we carried out to elucidate the DNA recognition sequence.
MATERIALS AND METHODS
Bacterial strains, phages and plasmids E. coli strain E166 which produces EcoD was kindly supplied by N.E. Murray. RSF2124, an E. coli strain carrying a colEl plasmid with a Tn3 insertion was a gift from D. Sherratt.
The cells were grown in a yeast extract-tryptone medium. Phage T7 was from F. Studier and was the strain used for the genomic sequence (9). Xcl857S7 was used to prepare EcoD modified and nonmodified DNA.
Enzymes and DNA
All type II restriction enzymes were purchased from New England Biolabs or Boehringer. Phage X and T7 DNAs were prepared by phenol extraction of phage particles. The plasmid p4014 was a gift from C. Sengstag. Other plasmid DNAs were purified from cleared lysates by CsCl-ethidium bromide equilibrium centrifugation (10) .
Purification of EcoD
The enzyme was purified by a procedure that we recently developed for other type I enzymes and which is described in detail elsewhere (11) . In short, cell free extracts were made free from nucleic acids by polyethylenimine precipitation followed by ammonium sulphate fractionation of the supernatant. (12) as well as by immunoblotting (13) using antibodies raised against the hsdR and hsdM subunits of EcoK as previously described (7, 11) .
In vitro DNA methylation Methylation of DNA by EcoD was carried out using H-methylAdoMet (Amersham, 64-74 Ci/mmol) as described in (14) with some modifications (11).
Other methods
Electrophoresis of proteins on sodium dodecyl sulphate polyacrylamide gels was according to (15) . DNA fragments were separated on either 1% agarose or 4% polyacrylamide gels depending on the expected fragment size. DNA in the gels was de- Determination of the EcoD DNA recognition sequence Until recently, the recognition sequences for only EcoK (17) , EcoB (18) (19) (20) (21) and EcoA (14) were known. In all these cases, the recognition sequence is split into two specific domains separated by a spacer of non specific sequence. The EcoK and EcoB recognition sequences were elucidated by sequencing mutated sites. For EcoA we developed a computer aided strategy that is described in detail elsewhere (11, 14) . In brief, DNA of known sequence is methylated by the modification methylase activity of the enzyme using H-methyl-AdoMet as the methyl donor. The enzyme methylates specific adenosyl residues within the recognition sequence and each labelled site is precisely mapped to a small region in the DNA by a combination of digestion with various type II restriction enzymes, gel electrophoresis and fluorography to locate the labelled DNA bands.
This mapping data is then fed to a computer which is instructed to search for sequences common to all of the labelled regions but absent from the rest of the DNA. The putative sequences thus obtained are then tested by predicting where the enzyme ought to methylate other sequenced DNA molecules.
An example of one such analysis for the enzyme EcoD is shown in Figure 1 . In this case, SV40 DNA (22) In other words, these were the only three sequences that could be found within the 80 bp of SV4 0 DNA that were absent from the other sequenced DNAs, a total of about 50,000 bp. pyrimidine. In SV40, Y is thymidine whereas in p4014 it is cytosine.
To test this sequence we did another computer search and found that the transposon Tn3 (24, 25) contains the sequence at position 3224 (the version with T in the wobble position).
Moreover, this sequence contains a site for the type II restriction enzyme FnuDII within the non-specific spacer. We predicted therefore that when a plasmid containing Tn3 is methylated with EcoD and then digested with FnuDII, the radioactive methyl groups should be split between two different DNA fragments. T   TTA   TTA  TTA   TTA  TTA   TTA  TTA   TTA  TTA   TTA  TTA   TTA  TTA   TTA  TTA  TTA   TTA  TTA  TTA   sequence   GAAAGCG  TGCGCGG  TCTTACT  CTAACGG  CGCTCCT  TAGAAAC  CAATATC  TCAGGCT  AAGCCGT  CGTCTTC  GCGAGCA  ACCCTTC  ACGGTTG  CCGCTGA  CCTCCCC  ACACAGG  CCACAAC  CCCAAGC  AGAACGA   GTCT  GTCT  GTCT  GTCT  GTCC  GTCC  GTCC  GTCT  GTCT  GTCT  GTCT  GTCT  GTCT  GTCT  GTCT  GTCC  GTCC  GTCC  GTCC   G   C  T  T   G  T  T can be found at all positions of the non-specific spacer as well as flanking the sequence. Thus, the maximum ambiguity allowed is the pyrimidine wobble at the last specified position.
DISCUSSION
The EcoD recognition sequence has a general structure strikingly similar to the other type I sequences described so far. It has a trinucleotide and a tetranucleotide domain separated by a 7 bp spacer of non-specific sequence. The EcoB and EcoK sequences have the same overall structure, the only difference being in the length of the spacer, 6 bp for EcoK and 8 bp for EcoB (Fig. 5) . Comparing the specific parts of these three sequences, we find no elements common to all For EcoD, the results shown in Figure 3 demonstrate that the enzyme methylates both domains of the sequence and this excludes that the methylation could be on cytosine residues.
The results presented in Table 1 show that EcoD methylates both Table 1 . EcoD methylates adenines in both strands of DNA 3.
1.
2.
3.
4.
Nucleotide Tn3 DNA was methylated with EcoD in vitro and then cleaved with FnuDII, which cuts in the non-specific part of the EcoD site (Fig. 4) . The DNA was then treated with T4 DNA polymerase. In the absence of dNTPs the exonuclease activity of the enzyme removes the methylated nucleotides (line 1). The presence of dGTP or dCTP (lines 2 and 3) protects the methylated nucleotides from exonuclease action while the addition of dTTP protects one half of the radioactivity from exonuclease action. Inspection of the sequence (Fig. 4) shows that dTTP must have protected the top strand of the trinucleotide domain which contains only one methylatable residue, an adenosine.
strands of the DNA and that the methylation is, as predicted, on adenosyl residues. These are, the only invariant adenosine in the tetranucleotide domain and the adenosine in the top strand of trinucleotide domain as drawn in Figure 5 . The methylated residues are again ten base pairs apart. We have recently determined the recognition sequences of several other type I enzymes (11) and the same ten bp spacing is found for all of them. These findings immediately suggest the way in which the enzyme binds to its recognition sequence in DNA. The protein must bind along one side of the DNA helix, interacting with the specific parts of the sequence in two successive major grooves (the methylation site is in the major groove) and with the non-specific part of the sequence in the intervening minor groove.
The EcoD recognition sequence differs from those of EcoK or EcoB in that it is degenerate at one position. This degeneracy may be advantageous to strains carrying the enzyme in that satistically one expects to find more EcoD sites than those for EcoK or EcoB.
